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Introduction
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Streptococcus pneumoniae (the 'pneumococcus') is the most common cause of 73 community-acquired pneumonia and is associated with significant morbidity and 74 mortality, especially among young children and older adults (1,2). S. pneumoniae 75 also causes invasive diseases like meningitis and bacteraemia, and upper 76 respiratory tract infections like otitis media and sinusitis, among all age groups (3). 77
Antimicrobial-resistant strains are widespread and pose problems in the treatment of 78 infections, which led the World Health Organisation to include S. pneumoniae on 79 their recent list of priority pathogens (4). The currently available pneumococcal 80 conjugate vaccines prompt an immune response to polysaccharide capsules 81 (differentiated as serotypes) and they are highly effective at preventing invasive 82 pneumococcal disease due to vaccine-serotype strains; however, current vaccines 83 only protect against a small number of the possible serotypes which has led to 84 increases in the rates of disease caused by non-vaccine-serotype pneumococci are 85 problematic (5,6). Therefore, pneumococcal disease remains a serious problem and 86 a better understanding of the host defense against S. pneumoniae may allow for the 87 design of novel therapeutics or vaccines. 88
89
There is an increasing appreciation of the role played by unconventional T cells in 90 orchestrating early cellular events in response to invading pathogens (7). Mucosal-91 associated invariant T (MAIT) cells are a recently described innate T cell population, 92 which are abundant in mucosal tissues including the lung, as well as the blood and 93 liver (8-10). These cells conventionally express a semi-invariant T cell receptor 94 9 MAIT cell activation by S. pneumoniae in the presence of monocytes is not 188
MR1-dependent 189 190
We have previously found that the response of MAIT cells to E. coli is dependent on 191 both MR1 as well as innate cytokines IL-12 and IL-18 (14) 
230
We also tested whether using live S. pneumoniae strain PMEN34 or the supernatant 231 of S. pneumoniae growth culture, instead of fixed bacteria, would stimulate MAIT 232 cells through the MR1-pathway ( Figure 3D) ; however, these responses were small 233 and could not be significantly blocked by an anti-MR1 blocking antibody. We 234 enriched for CD8+ T cells and added these to the assay instead of PBMCs in case 235 other cells were interfering with MAIT cell activation through MR1, but these 236 responses were similar to those using PBMCs and not affected by MR1-blocking. 237
Thus, in the presence of monocytes, MAIT cells are activated mainly through innate 238 cytokines rather than MR1, regardless of temperature or riboflavin availability. at either 36˚C or 40˚C. Given that the riboflavin synthesis pathway was upregulated 251 by a short incubation at 40˚C (Figure 1 ), we also transferred half of the bacteria 252 grown overnight at 36˚C to 40˚C for 4 hours. The bacteria were fixed immediately 253 and added to PBMCs and monocyte-derived macrophages overnight ( Figure 4A, B) . 254
255 Surprisingly, we found that when using monocyte-derived macrophages, S. pneumoniae is a bacterium highly specialized to evade the host immune system by 372 circumventing phagocytosis and antigen presentation. The efficiency of phagocytosis 373 can be impeded by the presence of the thick polysaccharide capsule, while another 374 virulence-associated trait is the ability of this bacterium to undergo autolysis. 375
Autolysis of S. pneumoniae has been shown to specifically reduce the phagocytosis 376 of intact bacteria, even in the absence of a polysaccharide capsule, and reduce the 377 production of phagocyte-activating cytokines such as TNFa, IFNγ and IL-12 (31). 378
The uniquely high sensitivity of MAIT cells to cytokines such as IL-12 (32) allows 379 these cells to boost the immune response and provide early IFNγ production. 380
381
The biggest disease burden caused by S. pneumoniae by far is pneumonia, which is 382 the leading infectious cause of mortality in children under five years of age (1), as 383 well as accounting for a large part of community-acquired pneumonia in the elderly 384 (2). Given that we show the mechanism by which MAIT cells respond to S. the elderly (38) and in influenza (15) affects the susceptibility of these patients to 397 pneumococcal pneumonia will be important to investigate in in vivo models of 398 pneumococcal infection (39). 399 400 Interestingly, we found that temperature and riboflavin availability for S. pneumoniae 401 have the potential to affect riboflavin synthesis and MAIT cell activation. In our 402 models using macrophages, there was a difference in MR1-dependent MAIT cell 403 activation induced by S. pneumoniae cultured in THB media compared to THB-Y 404 media, the latter of which is supplemented with riboflavin-rich yeast extract. Although 405 the THB media alone supports the growth of riboflavin-auxotrophs such as 406
Streptococcus pyogenes, this has been shown to be due to the ability of S. 407 pyogenes to utilize THB-derived components as a substitute for riboflavin, and 408 mutant strains without this ability require the addition of riboflavin or riboflavin-rich 409 yeast in order to grow in THB media (40). Thus, THB media on its own does not 410 contain riboflavin. We found that S. pneumoniae grown in THB media consistently 411 induced greater MAIT cell activation, which may be partly due to the increased 412 production of riboflavin in bacteria grown in riboflavin-deficient THB media, 413 compared to those grown in riboflavin-rich THB-Y media. We also found that 414 riboflavin synthesis among S. pneumoniae was influenced by temperature: RNA-seq 415 transcriptomic analyses of S. pneumoniae revealed that incubation at 40°C 416 upregulated the riboflavin synthesis genes. A relationship between riboflavin 417 production and temperature has been demonstrated before in Lactococcus lactis: it 418 suffers from oxidative stress caused by riboflavin starvation at high temperatures and 419 results in severe growth inhibition, which can be improved by the addition of 420 riboflavin to the medium (41). Although no consistent increase in MR1-dependent 421
MAIT cell activation could be detected in response to pneumococci grown at higher 422 temperatures in our short-term activation models, it may be possible that MAIT cells 423 are able to react to increased riboflavin production of S. pneumoniae at higher body 424 temperatures during a fever. Thus, MAIT cells may be able to not only recognize the 425 presence of S. pneumoniae but respond to the environment and condition in which 426 the bacteria is growing -an important indicator of the pathogenic potential of a 427 commensal pathogen such as S. pneumoniae. 428
429
We used a population genomics approach to assess the prevalence and diversity of 430 the riboflavin operon among a large and diverse collection of S. pneumoniae. This 431 revealed that the riboflavin genes are nearly ubiquitous and highly conserved at a 432 nucleotide level among S. pneumoniae that had been recovered over the past 433
century. This provides confidence that the findings presented here are generalizable 434 among S. pneumoniae, with rare exceptions. 435
436
We also assessed the presence of riboflavin synthesis genes among non-437 pneumococcal Streptococcus spp. and found that a number of other species do 438 possess these genes, including other human-associated commensal streptococci 439 like S. agalactiae. Notably though, not all Streptococcus spp. possessed a riboflavin 440 operon (at least one that was detectable by our screening method) and there was 441 variation among the genomes that did, either in that more than one version of 442 riboflavin operon was detected within a bacterial species, or that the presence of a 443 riboflavin operon was not ubiquitous among genomes of a particular bacterial 444 species. Hence, caution must be exercised when extrapolating findings based on a 445 small number of bacterial strains to the population as a whole since they may not be 446 representative, and ideally a population-based approach is used whenever possible. Biotech) before in vitro stimulation. Monocyte-derived macrophages were generated 493 by enriching for monocytes using CD14 Microbeads (Miltenyi Biotech) before 494 culturing with 50ng/ml GM-CSF (Miltenyi Biotech) in RPMI media, 495 penicillin/streptomycin, L-glutamine, and 10% human serum for 6-8 days. 496
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The Jurkat-MAIT cell line was produced by cloning into a pHR-IRES vector the 498 TRAV1-2-TRAJ33 (CDR3α: CAVMDSNYQLIW) MAIT cell α chain and then cloning 499 in the TRBV6-1-TRBJ2-3 β chain (CDR3β-CASSETSGSPDTQYF). The vector was 500 then co-transfected into 293T cells with the HIV gag-pol and VSV-G expression 501 plasmids using X-tremeGENE™ 9 DNA Transfection Reagent (Sigma) according to 502 the manufacturer's instructions. The supernatant from this culture containing the 503 lentiviral particles was then used to transduce J.RT3-T3.5 (JRT3) cells (which lack 504 an endogenous TCRβ chain). TCR expression and pairing with MAIT cell TRAV1-2 505 (Vα7.2) chain was confirmed by flow cytometry and cells sorted based on CD3 and 506
Vα7.2 expression. 507 508
Pneumococcal reference strains used in experiments 509
Ten PMEN reference strains of S. pneumoniae were tested in this study ( 
Data acquisition and statistical analysis 546
Data on MAIT cell activation were collected on the MACSQuant Analyser (Miltenyi 547 Biotech) and were analysed using FlowJo v9.8 (TreeStar). All graphs and statistical 548 analyses were completed using GraphPad Prism software version 6. All data are 549 presented as means with standard error of the mean (S.E.M.) unless otherwise 550
indicated. 551 552
Compilation of the genome datasets 553
Two large genome datasets were compiled for this study and data were stored in a 554
BIGSdb database (47). The S. pneumoniae dataset consisted of 571 historical and 555 modern genomes isolated from 1916-2009 from people of all ages residing in 39 556 different countries. The S. pneumoniae isolates were recovered from both carriage 557 and disease, and 89 serotypes and 296 multilocus sequence types were represented 558 in this dataset (Supplementary Table 1 ). 486 S. pneumoniae genome sequences 559 were compiled from previously published studies or were downloaded from GenBank 560 (48). The remaining 85 S. pneumoniae genomes were recently sequenced. S. 561 pneumoniae cultures were prepared and incubated as described above, before DNA 562 was extracted using the Promega Maxwell® 16 Instrument and Buccal Swab LEV 563 DNA purification kits following the manufacturer's protocol. DNA extracts were sent 564 to the Oxford Genomics Centre where libraries were made and DNA was sequenced 565 on the Ilumina® platform. Velvet was used to make de novo genome assemblies, 566 which were further improved using SSPACE and GapFiller (49-51). 567
25
The non-pneumococcal Streptococcus spp. dataset contained 834 genomes of 69 569 different streptococcal species (Supplementary Table 2 ). 34 genomes were newly 570 sequenced as above and the rest were downloaded from the ribosomal multilocus 571 sequence typing (rMLST) database (52). For each species, the number of genomes 572 included in this study dataset was capped at 50: if fewer than 50 genomes were 573 available in the rMLST database for a given species, then all available genomes 574 were included, but if more than 50 sequenced genomes were available then 575 genomes were manually selected for inclusion. In these instances, the population 576 structure of the species was depicted using PHYLOViZ and 50 genomes were 577 selected with the aim of maximising the population-level diversity of that species 578 from the available genomes (53). 579 580 Genomes were annotated using both RAST (54) and Prokka (55). Genome 581 sequences can be accessed from the European Nucleotide Archive (56), PubMLST 582 website(57), GenBank(58) and/or the rMLST database(59) (see Supplementary 583 Tables 1 and 2) . 584 585
RNA-sequencing experiments and analyses 586
S. pneumoniae isolate 2/2 was cultured in seven 10 ml tubes of brain-heart infusion 587 broth and incubated at 40°C + 5% CO 2 for 6 hours to mimic heat shock. The 588 experimental control was the same isolate 2/2, also cultured in seven 10 ml tubes of 589 brain-heart infusion broth but incubated at standard conditions of 37°C + 5% CO 2 . 590
Broth cultures at five time points (2, 3, 4, 5 and 6 hours of incubation) were removed 591 and 19 ml of RNAprotect Bacteria Reagent (Qiagen) was added to stabilise the RNA. 592
RNA was extracted from the samples using the Promega Maxwell® 16 Instrument 593
and LEV simplyRNA Cells purification kit, following the manufacturer's protocol. 594
Extracted RNA samples were sent to the Oxford Genomics Centre for processing. 595
Library preps were made using RNA-Seq Ribozero kits (Illumina, Inc) and 596 sequencing was performed on the MiSeq (Illumina, Inc) . 597
598
The sequenced forward and reverse reads were paired and mapped to the S. 599 pneumoniae strain 2/2 genome using Bowtie2 with the highest sensitivity option (60) . 600
Differential gene expression was analysed in Geneious version 9.1 (Biomatters Ltd) 601 using the DESeq method (61). Genes with an adjusted p-value < 0.05 were 602 considered to be differentially expressed. RNA sequencing data used in this paper 603 have been deposited in the Gene Expression Omnibus (GEO) database with 604 accession number GSMXXXXXXX (pending). 605
606
Genomic analyses of riboflavin operon genes 607
Genes involved in riboflavin metabolism were identified using the KEGG pathway 608 database (KEGG entry number: snp00740) and previously published experimental 609 work (12,62). Individual BLAST searches of ribD, ribE, ribA and ribH sequences 610 among all 571 S. pneumoniae genomes were performed via the BIGSdb database. 611
There were two instances each for ribD and ribH where the gene sequences were 612 split over multiple assembly contigs and these sequences were excluded from 613 further analyses. Individually, multiple nucleotide sequence alignments for ribD, ribE, 614 ribA and ribH were performed in Geneious using the ClustalW algorithm with default 615
parameters (Gap open cost=15, Gap extend cost=6.66) (63). To compute the dN/dS 616 ratio, the number of synonymous (dS) and non-synonymous (dN) substitutions per 617 site was determined on codon-aligned sequences using a maximum likelihood 618 method, conducted through HyPhy (64) The ribD, ribE, ribA and ribH sequences in S. pneumoniae strain 2/2 genome were 626 used as the query to BLAST against the non-pneumococcal Streptococcus spp. 627 genome dataset (parameters: word size 11; reward 5; penalty -4; gap open 8; gap 628 extend 6). All BLAST hits were manually inspected to confirm the presence of the 629 riboflavin genes. Protein domains in the identified genes were annotated using the 630 Conserved Domain search feature at NCBI (67) to confirm the presence of riboflavin 631 biosynthesis genes. To categorise the different versions of the riboflavin operon, all 632 sequences were clustered using CD-Hit (68) at a ≥90% similarity threshold, and a 633 representative sequence from each cluster was selected. One 'cluster' contained a 634 single riboflavin operon sequence that was disrupted by a transposon and this single 635 sequence was excluded from further analyses. Multiple nucleotide sequence 636 alignments of different versions of the riboflavin operons was performed in Geneious 637 using the ClustalW algorithm with default parameters (Gap open cost=15, Gap 638 extend cost=6.66). The multiple nucleotide sequence alignment output was used 639 within the Geneious environment to calculate the percentage identity matrix.
28
Assessment of the relationships among Streptococcus spp. 641
A phylogenetic tree was built using concatenated sequence data from the ribosomal 642 loci using the neighbour-joining method as implemented using the BIGSdb 643
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